Abstract In order to deposit good films, we need to study the uniformity of plasma density and the plasma density under different gas pressures and powers. The plasma density was diagnosed by a Langmuir probe. The optical emission spectroscopy (OES) of CH4 and H2 discharge was obtained with raster spectroscopy, with characteristic peaks of H and CH achieved. Diamond-like carbon films were achieved based on the study of plasma density and OES and characterized by atomic force microscope (AFM), X-ray diffraction instrument (XRD), Raman spectroscope and profiler.
Introduction
Diamond-like carbon thin films have outstanding properties such as extreme hardness, high electric resistivity, optical transparency in the infrared region, and high chemical inertness [1∼3] . Different techniques are used to prepare diamondlike carbon (DLC) films. In this study, we used microwave plasma chemical vapour deposition (MPCVD). Microwave discharge is non-electrode. It can obtain pure and high density plasma. For the same gas discharge, microwave can excite and ionize more gas molecules. Furthermore, microwave discharge can be operated stably in a wide range of gas pressure, and therefore has extensive applications [4∼6] . As plasma has a certain spatial distribution, in order to deposit even, pure and high quality thin films, we need to investigate the uniformity of the plasma distribution in the reaction chamber.
For the diagnosis of the plasma, a Langmuir probe is often used to measure the characteristic parameters of plasma. In this work, we used a Langmuir probe to diagnose the spatial plasma density distribution in the reaction chamber of the quartz tube microwave plasma apparatus and analysed its distribution characteristics.
With OES of H 2 and CH 4 discharge, we also examined the state of the chemical species present in the plasma.
Experimental apparatus
A schematic diagram of the quartz tube microwave plasma apparatus is shown in Fig. 1 . The apparatus employs microwave at a frequency of 2.45 GHz to excite a gas discharge and generate the plasma. The waveguide is of the BJ22 type, and its working pattern is TE 10 .
We used a Langmuir probe to diagnose the plasma, as shown in Fig. 2 . A tungsten probe with a diameter of 0.8 mm was covered with a stainless steel tube and insulated by ceramics. To measure the plasma density in different radial positions, we first fixed an axial position and radial position at R = −16 mm, then started from this position and revolved the probe head by a calculated angle. After that, we changed the axial position and repeated the above operation to obtain the spatial plasma density.
The electron temperature T e is given by the formula:
where U p and I p are the probe voltage and the collected electric probe current respectively. 
where I i0 is the saturation ion current collected by the probe with a surface area S.
Experimental results and discussion

Spatial plasma density distribution in the reaction chamber
In the reaction chamber, when the gas system 1 into the reaction chamber is CH 4 with a flow rate of 6 mL/min and the gas system 2 into the reaction chamber is H 2 with a flow rate of 200 mL/min and a microwave power P w = 440 W, p = 1.20 kPa, we obtained the spatial plasma density distribution, by using the Langmuir probe, at the axial positions Z = −20 mm, −10 mm, 0 mm, 10 mm, 20 mm and at the radial positions R = −16 mm, −8 mm, 0 mm, 8 mm, 16 mm, as shown in Fig. 3 .
As shown in Fig. 3 , at Z = 0, R = 0, the plasma density is the highest, reaching 1.05 × 10 12 /cm 3 . This is because in the energy transfer pattern of the waveguide BJ22, the microwave is coupled to the middle of the quartz tube reaction chamber, generating the highest wave energy at this position and exciting more neutral particles.
At Z = −20 mm, −10 mm, 0 mm, 10 mm and 20 mm, the plasma density uniformity is 76.8%, 73.6%, 70.0%, 77.3% and 42.8% respectively, with the best value 77.3% at Z = 10 mm. Therefore, this position was chosen for the film deposition. But at Z = 20 mm, due to the influence of the air inlet, the uniformity is worst, at 42.8% only, and is not suitable for film deposition.
Plasma density under different gas pressures
At Z = −20 mm, R = 0 mm, with the flow rate of CH 4 of 6 mL/min and H 2 of 200 mL/min, and P w = 560 W, we obtained the plasma density under different gas pressures in the reaction chamber. As shown in Fig. 4 , the plasma density increases as the gas pressure increases. This is because the neutral particle density increases along with the increase in the gas pressure. In the electric discharge, the ion is generated by the electron-neutrals' collision, and the average collision frequency between electron and neutral particles is f = N σv, with N the neutral gas density, σ the collision cross-section between the electron and the neutral particles and v is the electron velocity. Therefore, when N increases, the collision frequency between the electrons and neutral particles increases. With the rise in ionicity, ionization becomes dominant, and consequently the plasma density increases.
The enhancement of the deposition gas pressure is helpful to the formation of diamond-like carbon films. However, as the gas pressure increases, the temperature will increase [7] , causing the graphite growth speed to increase greatly.
Plasma density under different microwave powers
At Z = −20 mm, R = 0 mm, with the flow rates of CH 4 of 6 mL/min and H 2 of 200 mL/min, and the pressure p = 1.16 kPa, we obtained the plasma density under different powers in the reaction chamber. As shown in Fig. 5 , the plasma density increases with the increase in power. This is because, as the microwave power increases, the field intensity increases which leads to heat up the electrons and speed up the the electron velocity so as to form energetic electrons. These energetic electrons collide with the neutral particles and cause more neutral particles to be activated and ionized. Hence, when the electrons aquire higher energy, the gas ionization rate increases, and the gas is more activated and ionized. Fig. 6 shows the OES from H 2 and CH 4 discharge at P w = 680 W, p = 6.8 kPa, the flow rate of CH 4 of 6 mL/min and the flow rate of H 2 of 200 mL/min. It exhibits H γ at 434 nm, H β at 486 nm, H radical at 373.4 nm, 397 nm and 410 nm [8] . The H-H bond breaking-down process of the hydrogen molecule is simple, generating active H through a non-elastic collision with the energetic electron. During the MPCVD process, the existence of hydrogen atoms can help stabilize sp 3 , making the carbon atoms maintain the sp 3 hybridization condition in the diamond metastable region. Simultaneously it sculptures the sp 2 carbon bond to restrain the nucleation and the growth of the nondiamond-like graphite and amorphous carbon. Also, hydrogen atoms can make more graphite atoms cross the potential barrier tending to the diamond condition [7] . On the other hand, there are characteristic optical emission spectroscopic lines of CH (B 2 Σ → X 2 Π) at 390 nm and (A 2 Δ → X 2 Π) at 430.8 nm [9] . The existence of CH is favorable for the formation of the amorphous carbon layer. As shown in Fig. 6 , because of the existence of higher CH concentrations, it will cause more graphite to grow, reducing the sp 3 bonding. It is believed that H and CH play important roles in the diamond-like carbon films' deposition processes [10] .
OES of H 2 and CH 4 discharge
Characterization of diamond-like carbon thin films
With the conditions of: P w = 680 W, p = 6.8 kPa, the flow rate of CH 4 of 6 mL/min, and the flow rate of H 2 of 200 ml/min, the diamond-like carbon films were deposited at Z = 10 mm for 3 h. As is shown above , the plasma density increases as both the gas pressure and power increase. Therefore, the plasma density is higher at P w = 680 W, p = 6.8 kPa. Then the film was characterized by XRD, Raman Spectroscopy, AFM and profiler, as shown in Figs. 7, 8, 9 and 10 . Fig. 7(a) is an XRD image of the substrate Si before deposition. There is an obvious diffraction peak which is the characteristic peak of the single crystal Si. Fig. 7(b) is an XRD image of the prepared diamondlike carbon thin films. There is no obvious diffraction peak but only a wide diffraction package with a diffraction angle of 20 o ∼ 40 o , revealing the amorphous state diffraction characteristics. This indicates that the diamond-like carbon thin film is a kind of amorphous carbon film [11] . Fig. 8 shows the Raman spectrum of the thin films.
The scanning scope of the detector is 1300 ∼ 1700 cm −1 . As is shown in Fig. 8 , there is a wide peak between 1300 ∼ 1700 cm −1 . The diamondlike carbon films contain sp 2 and sp 3 bonding [12] . It is a combination of D and G peaks. According to the above OES results, the existence of higher CH radical concentrations causes more graphite to grow, which lowers the sp 3 bonding. Also, as the above analysis about the plasma density shows, the film was deposited under a high plasma density at P w = 680 W, p = 6.8 kPa. Hence, the growth rate and temperature increase [7] result in an increase in the graphite growth speed. As a result, the D peak is weak compared to the G peak. The existence of D and G peaks corresponds to the results of XRD that the film is amorphous carbon film.
We used the tapping AFM pattern to scan the surface of the films. In this pattern, it is not destructive to the surface. Fig. 9 shows micro-images of the diamondlike carbon thin films, among which (a) is a plane appearance with a scanning scope of 2500 nm × 2500 nm while (b) is a three-dimensional representation of (a). With AFM, we obtain R q = 4.5 nm.
From Fig. 9 , we can see that the granule distribution is quite even, with the bigger granules being 200 nm and the smaller being 10 nm. With the profiler, we examined the superficial roughness of the diamond-like carbon thin films, and the surface roughness can be charac-
As shown in Fig. 10 , we obtained R q = 5.5 nm, which is consistent with the results of AFM of R q = 4.5 nm, indicating that the superficial smoothness of the thin films is good, which corresponds to what we expected as we chose the best uniformity position Z = 10 mm to carry out the film deposition.
Conclusions
As the uniformity of plasma density plays an important role in the film deposition, it is necessary to study the uniformity. In this work, by diagnosing the spatial plasma density distribution, we found that the unifor- mity is best at a location of Z = 10 mm. As a result, we selected this position to deposit films. Also, by analysing the plasma density under different gas pressures and applied powers, we determined the relationship between the gas pressure and power and deposited film's characters. OES shows the presence of H radical and CH radical, both of which are associated with the deposition of the DLC films. DLC films were achieved and characterized by AFM, X-ray diffraction instrument, Raman spectroscopy and profiler. The results of XRD indicate that the diamond-like carbon thin filmis a kind of amorphous carbon film, corresponding to the results of the Raman spectrum. With the profiler, we obtained R q = 5.5 nm, which is consistent with the results of AFM of R q = 4.5 nm, indicating that the superficial smoothness of the thin films is good.
